In thin-film silicon solar cells (TFSC) efficient light management is essential in order to increase energy conversion efficiency. The application of nano-scale periodic gratings (PG) is a promising method to enhance absorption in the absorber layers of TFSC since they can efficiently scatter the incident light. Carefully designed gratings give a possibility to increase the photocurrent over a wavelength range where silicon exhibits a weak absorption. Maxwell's equations solver was employed to carry out optical simulations of TFSC with PG. Atomic force microscopy (AFM) measurements demonstrate that film deposition smoothens the morphology of PG. In the simulations we used the results of AFM measurements to define the morphology of interfaces between the layers of TFSC. An optimum smoothing of interface roughness was determined that resulted in maximum absorption in thin-film silicon solar cells.
Introduction
In thin-film silicon solar cells (TFSC) an efficient light trapping is needed in order to maximize the absorption in the absorber layer and consequently increase the energy conversion efficiency. Nano-scale periodic gratings (PG) represent an alternative [1] to randomly textured surface morphologies of solar cells substrates, since they can efficiently scatter light inside the absorber layer of TFSC and increase the photocurrent density. The control of the geometrical parameters of gratings such as shape, period (P), height (h), and duty cycle (d c ) enables one to enhance light scattering over a desired wavelength range.
The optical modeling of today's TFSC is not a trivial task because of their complex 3-D geometry, consisting of layers with thicknesses from tens of nanometers up to several micrometers and interface roughness related to, but not exactly copying, the surface of a textured substrate carrier. In order to determine the light intensity distribution in TFSC devices we solve Maxwell equations numerically. This approach has been recently used to predict the photocurrent density enhancement in TFSC [2, 3, 4, 5] . TEM or AFM measurements demonstrate that the geometry of the interfaces between the layers is not conformal. This "leveling" effect depends on deposition technology and materials used. In this article we have focused on this effect of leveling since it provides us with more realistic results comparing to simulations with conformal layers. The effect of front and rear texture of thin-film microcrystalline silicon solar cells on light trapping was evaluated experimentally in [6] .
The full-wave analysis of complete solar cell structures has been performed by using the finitedifference time-domain (FDTD) method [7] . The freely available software package MEEP [8] has been used in the development of the FDTD-based modeling tool to perform the optical simulations of singlejunction TFSC formed by realistic dispersive materials on a substrate with nano-scale 1-D periodic gratings.
Simulations

Fitting of optical properties of layers
In order to correctly evaluate the electromagnetic field in the structure and calculate the absorption inside each layer of TFSC, a challenge was to obtain an accurate matching between the optical dispersion of the materials used in the model and the experimental ones. Dielectric permittivity of the transparent conductive oxide (TCO), silicon, and silver thin films features a strong dependence on wavelength. In FDTD-based solver the material properties are represented analytically. It appeared difficult to describe the permittivity of silicon films in the whole wavelength range of interest (0.35-1 m) with only one set of parameters. For a-Si:H film (with atomic concentration of hydrogen cH ~ 8%) we observed more than 200% relative error in the imaginary part of permittivity for wavelengths larger than 0.65 m, which resulted into an over-estimated absorption in simulations. To overcome this problem the whole wavelength spectrum has been split up into three wavelength regions: "short" (0.35-0.55 m), "medium" (0.55-0.66 m) and "long" (0.66-1 m). Fitting results of the permittivity of a-Si:H are shown in Fig. 1 . The "long" region was chosen for the light trapping optimization since silicon exhibits very low absorption in this area of the spectrum.
Simulated structures
Two configurations of single-junction TFSC structures were investigated: PIN-based a-Si:H TFSC and NIP-based c-Si:H TFSC. The first configuration consists of a multi-layered structure on semi-infinite glass: 600 nm thick aluminum-doped zinc-oxide (ZnO:Al) as front TCO, 300 nm a-Si:H absorber layer, 100 nm ZnO:Al and 300 nm Ag as back reflector. The second configuration consists of 100 nm of front TCO, 1000 nm c-Si:H absorber layer, and 100 nm TCO plus 300 nm Ag as back reflector. The electromagnetic source was placed inside the glass layer in the case of a-Si:H PIN structure and inside the air layer in the case of c-Si:H NIP structure. During the simulation, the source excites a plane wave propagating in both directions normal to the interface of the air or glass layer. The glass and air layers were made semi-infinite by applying perfectly matched layer (PML) boundary conditions to their outer solar cell. Our calculations demonstrate that in this wavelength range the absorption substantially depends on the geometrical characteristics of the gratings.
sides. Periodic boundary conditions were used along the side walls of the solar cell structure. The modeling complexity of the simulated structures was reduced to 2 dimensions (2-D) by taking advantage of the symmetry of the structure with 1-D gratings.
The schematic structures of simulated TFSC are shown in Fig. 2 . In this study the duty cycle is defined as a ratio between the length of a mid-segment of the trapezoid grating to the period: (Fig. 3) it can be seen that after applying thick TCO or silicon layers the shape of the gratings becomes elliptical. This fact was reflected in simulations. The parameter domain in which the geometry of the gratings was varied is shown in table 1. Other properties and sizes were kept the same in the simulations. By using the developed MEEP-based procedure, the absorptance in all layers was evaluated as a function of wavelength. 
Results
We have observed that the absorptance of the silicon layer in the "short" and "medium" wavelength ranges does not change significantly when we change the geometry of 1-D gratings. Possible reason for this is that in this wavelength range light is mostly absorbed during the first pass across the structure. Therefore we focused on the "long" wavelength range where light experiences multiple passes inside the The simulations reveal several optimal combinations of the gratings' parameters for increasing the photocurrent density. However other TFSC parameters such as t ve a great influence on the optimal parameters set. Using different thickness of the absorber layer, the gratings geometry can also influence the photocurrent density in the medium wavelength range and the combined effect on the total photocurrent density can be different than as reported in this study. 
Conclusions
Simulation procedure allowing optimization of the geometrical parameters of 1-D gratings for the ion (i.e. photocurrent density) was developed and applied to PIN a-Si:H and NIP con TFSCs. An adaptive approach was used to fit the optical dispersion of the a-Si:H and c This work was carried out with a subsidy of the Dutch Ministry of Economic Affairs. 2-307. er maximum absorpt Si:H single-juncti -Si:H films. Electromagnetic field in the simulated TFSC and resulting absorption in each layer were accurately calculated by solving Maxwell equations with FDTD method using MEEP package. It was found that for particular wavelength range 0.66 -1 m photocurrent density enhancement strongly depends on gratings' period, height and duty cycle. The developed procedure can be used as a valuable tool to accurately calculate absorption in each layer of the TFSC and optimize the photocurrent density. The advantage of the procedure is that there are no principal limitations concerning the dimensions and the size of the simulated structure, interface features between layers and material properties.
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